INTRODUCTION
============

Centrioles are essential for the formation of centrosomes, and alteration of centrosome numbers has been associated with genome instability and tumor formation. Thus, precise control of centriole biogenesis is required for proper chromosome segregation and genomic stability. Polo-like kinase 4 (Plk4, also known as Sak or Stk18) is a serine/threonine kinase, which controls correct centriole biogenesis ([@gkt849-B1]). Therefore, regulation of Plk4 protein levels is crucial for proper centriole duplication ([@gkt849-B5],[@gkt849-B6]). Plk4 is expressed only at low levels in G~0~ and G~1~. The protein increases in S phase and is maximally expressed in G~2~ and mitosis ([@gkt849-B7]).

Synthesis of proteins displaying this expression pattern is often controlled on the transcriptional level through cell cycle-dependent elements (CDE) and cell cycle genes homology regions (CHR) in the promoter ([@gkt849-B8]). Activation of most CDE/CHR-regulated genes is conferred by nuclear factor Y (NF-Y) bound to CCAAT-boxes ([@gkt849-B8]).

Recently, the DREAM ([D]{.ul}P, [R]{.ul}B-like, [E]{.ul}2F4 [a]{.ul}nd [M]{.ul}uvB) complex was identified as the protein complex, which binds to CHR elements ([@gkt849-B12]). This complex is conserved in *Drosophila*, *Caenorhabditis elegans* and mammals ([@gkt849-B13]). In mammalian cells, DREAM consists of E2F4, DP1, p130 and p107 in addition to RBBP4 and the MuvB-like Lin proteins LIN9, LIN37, LIN52 and LIN54 that form its MuvB-core ([@gkt849-B15]). The DREAM complex forms in G~0~ and early G~1~. Formation of the complex is necessary for repression of its target genes. When a cell progresses through the cell cycle, E2F4/DP1 and p130/p107 are replaced by B-Myb forming a complex named MMB ([M]{.ul}yb-[M]{.ul}uv[B]{.ul}) that can activate gene expression in S phase ([@gkt849-B12],[@gkt849-B15]).

Transcriptional repression is a hallmark of p53-mediated DNA damage response ([@gkt849-B22]). Recently, we have reported a mechanism that controls p53-dependent repression by the p53-p21^WAF1/CIP1^-DREAM-CHR pathway ([@gkt849-B23]). After DNA damage and p53 induction, expression of p21^WAF1/CIP1^ is activated by p53, leading to formation of DREAM and its association with cell cycle promoters ([@gkt849-B23],[@gkt849-B24]). DREAM binding to the CHR in the target promoter then leads to transcriptional repression ([@gkt849-B23]). This mechanism does not involve p53 binding to the repressed target promoter ([@gkt849-B23]).

p53 normally protects cells from centrosome duplication, mitotic spindle abnormality and failure in cytokinesis ([@gkt849-B25]). Furthermore, it is well established that cells infected with human papilloma virus express the oncoproteins E6 and E7, which interfere with the p53 and retinoblastoma (RB) pocket protein-E2F pathways ([@gkt849-B26]). Human papilloma virus (HPV) E7 expression interferes with centriole biogenesis and Plk4 protein level is limiting for aberrant centriole duplication ([@gkt849-B30]). Interestingly, it has been shown that Plk4 transcriptional activation increases on HPV-16 E7 induction ([@gkt849-B33]). However, the underlying mechanism remains unidentified.

In this report, we describe the regulation of the *Plk4* promoter, which serves as an example for a number of cell cycle- and p53-regulated genes. We identify a CDE/CHR tandem element that binds the DREAM complex and mediates repression in G~0~ and G~1~. When cells progress to G~2~ and mitosis, DREAM is replaced by the MMB complex. General activation of *Plk4* depends on the nuclear respiratory factor 1 (NRF1) and cAMP response element (CRE) sites instead of the established NF-Y/CCAAT system. Bioinformatic motif analyses suggest this to be a common mechanism for CDE/CHR-controlled genes as an alternative to the NF-Y/CCAAT system. Importantly, *Plk4* mRNA levels are downregulated by the p53-p21^WAF1/CIP1^-DREAM signaling pathway requiring both the CDE and the CHR sites. Furthermore, cell cycle- and p53-dependent repression is abrogated by HPV E7 oncoproteins. Together with genome-wide analyses, our results imply that many cell cycle genes upregulated in tumors by viral infection are bound by DREAM through CDE/CHR sites.

MATERIALS AND METHODS
=====================

Plasmids, RNAi and DNA probes
-----------------------------

The mouse *Plk4* promoter with a size of 453 bp \[nt −510 to −57, named *mPlk4* wild type (wt)\] was amplified from NIH3T3 cell DNA and ligated in the pGL4.10 vector (Promega, Madison, WI, USA). Mutations were introduced with the QuikChange site-directed mutagenesis kit (Agilent Technologies, Santa Clara, CA, USA, as shown in [Table 1](#gkt849-T1){ref-type="table"}). The plasmid used for *Bmyb*-knockdown (sh-Bmyb1) was a kind gift from Kenneth Boheler ([@gkt849-B34]).

The human p53 expression plasmids pcDNA-p53wt and pcDNA-p53mut were produced by amplifying the insert of pCMV-p53wt and pCMV-p53mut R175H (kindly provided by Bert Vogelstein) and ligating into pcDNA3.1HisC (Invitrogen, Carlsbad, CA, USA) ([@gkt849-B23]). Expression plasmids for human p21^WAF1/CIP1^, pCEP-p21wt and pCEP-p21mut were generously provided by Bert Vogelstein ([@gkt849-B35]). Expression plasmids (pCMV) for HPV-16 E7 wt and ΔDLYC-mutant were kindly provided by Karl Münger ([@gkt849-B36]).

Nrf1 small interfering RNA (siRNA) has been previously published as Nrf1\#1 ([@gkt849-B37]) and was obtained as Stealth RNA interference (RNAi) (Invitrogen). Stealth RNAi negative control (Invitrogen) served as siControl.

DNA probes for affinity purification with the same sequence as *mPlk4* were obtained by polymerase chain reaction (PCR) using a biotinylated primer for labeling the 3′-end (pGL4-Biotin-rev 5′-TGT TTT TGG CAT CTT CCA TG-3′, Invitrogen). As a negative control, a fragment of the pGL4.10 vector was used (220 bp from the multiple cloning site, amplified with pGL4-for 5′-CGA TAG TAC TAA CAT ACG CTC TCC A-3′).

Cell culture, synchronization and drug treatment
------------------------------------------------

NIH3T3 and T98G cells were used to synchronize mouse and human cells, respectively, by serum starvation. NIH3T3 cells displayed better transient transfection efficiencies than T98G cells, while T98G cells yielded stronger signals in chromatin immunoprecipitation (ChIP) experiments. HCT116 cells were used for experiments on p53-dependent gene regulation as *p53*- and *p21*-knockout cells lines were available. HeLa cells were used to assess *PLK4* regulation in HPV-infected cancer cells.

HCT116 wt, HCT116 *p53^−^^/−^* and HCT116 *p21^−/−^* cells, kindly provided by Bert Vogelstein ([@gkt849-B38]), and NIH3T3, T98G and HeLa cells (DSMZ, Braunschweig, Germany) were grown in Dulbecco\'s modified Eagle\'s medium (DMEM; Lonza, Basel, Switzerland) supplemented with 10% fetal calf serum (FCS) (Biochrom, Berlin, Germany) and penicillin/streptomycin (PAA Laboratories, Pasching, Austria) and maintained at 37°C and 10% CO~2~. Cells transfected for RNAi were grown in medium without penicillin/streptomycin.

Stably transfected HCT116 cells were generated by transfection with pCMV-HPV16-E7 wt or pCMV-HPV16-E7 ΔDLYC and selection with G418/Geneticin (PAA Laboratories) at a concentration of 0.6 mg/ml.

NIH3T3 and T98G cells were synchronized by serum starvation (exchanging growth medium with 10% FCS for DMEM without FCS) for 60 and 72 h, respectively. Cells were stimulated for cell cycle reentry using DMEM with 20% FCS and collected at given time points. NIH3T3 cells were synchronized by double thymidine and thymidine nocodazole block ([@gkt849-B39]). Doxorubicin was used at a final concentration of 0.2 µg/ml for 24 or 48 h. Roscovitine (Adipogen, San Diego, CA, USA) was dissolved as a 25 mM stock solution in dimethyl sulfoxide and used at a final concentration of 25 µM for 24 h.

Transfections and luciferase assays
-----------------------------------

Transfections and measurements of cell cycle-dependent promoter activity with luciferase reporter assays were carried out as described previously ([@gkt849-B12]).

For *Bmyb* knockdown experiments, NIH3T3 cells were plated in 12-well plates (19 000 cells per well). After 8 h, cells were transfected by lipofection with 1.5 µl of Fugene 6 (Promega), 0.2 µg of promoter reporter plasmid (pGL4.10, Promega), 0.4 µg of pSuper construct and 0.025 µg of *Renilla* luciferase plasmid (pGL4.70, Promega) per well. After synchronization by double thymidine and thymidine nocodazole block, cells were collected ([@gkt849-B39]).

For *Nrf1* knockdown experiments, HCT116 cells were plated in 12-well plates (50 000 cells per well). After 8 h, cells were transfected by lipofection with 1.0 µl of DharmaFect DUO (Dharmacon, Lafayette, CO, USA), 0.15 µg of promoter reporter plasmids (pGL4.10), 0.020 µg of *Renilla* luciferase plasmid (pGL4.70) and 100 nM siRNA per well. Seventy-two hours after transfection, cells were collected.

For measuring p53- and p21-dependent promoter activity with luciferase reporter assays, HCT116 cells were plated in 24-well plates (75 000 cells per well) and transfected by lipofection with Fugene 6. Cells were cultured overnight before cotransfection of 0.25 µg of promoter reporter plasmids (pGL4.10) along with 0.025 µg of constructs expressing wt or mutant p53 or p21 proteins and 0.025 µg of *Renilla* luciferase plasmid (pGL4.70, Promega). After 24 h, cells were collected by adding 100 µl of passive lysis buffer (Promega).

For HPV-16 E7 expression experiments, HCT116 cells were plated in 12-well plates (120 000 cells per well) and transfected by lipofection with Fugene 6. Cells were cultured overnight before cotransfection of 0.2 µg of promoter reporter plasmids (pGL4.10) along with 0.3 µg of constructs expressing E7 wt or E7 ΔDLYC and 0.0025 µg of *Renilla* luciferase plasmid (pGL4.70).

For cell sorting, pEGFP (Clontech, Mountain View, CA, USA) was cotransfected with the promoter reporter plasmid at a 1:3 ratio.

Fluorescence-activated cell sorting analysis
--------------------------------------------

Cells were fixed for at least 12 h at 4°C in one volume phosphate buffered saline/1 mM EDTA and three volumes of absolute ethanol. DNA was stained with propidium iodide (Sigma) at a final concentration of 10 µg/ml in presence of RNase A (10 µg/ml). Alternatively, cells were collected in phosphate buffered saline/1 mM EDTA, and DNA was stained with Hoechst 33342 (Invitrogen) at a final concentration of 10 µg/ml and incubated for 15 min at 37°C. DNA content per cell was measured by flow cytometry on an LSR II instrument (Becton Dickinson, Franklin Lakes, NJ, USA). Cell sorting was carried out on a FACSVantage SE (Becton Dickinson). Data analysis was carried out with WinMDI 2.9 software.

DNA affinity purification
-------------------------

DNA affinity purification of protein complexes with density-arrested, asynchronously growing and doxorubicin-treated cells was performed as described previously ([@gkt849-B12]).

Sodium dodecyl sulphate-polyacrylamide gel electrophoresis and immunoblot
-------------------------------------------------------------------------

Sodium dodecyl sulphate-polyacrylamide gel electrophoresis and western blot were performed following standard protocols ([@gkt849-B40]). If necessary, blots were stripped or probes were blotted again to detect multiple proteins. The following antibodies were used for the detection of DREAM/MMB complex components: E2F4 (C-20, Santa Cruz Biotechnology, Santa Cruz, CA, 1:750 dilution), p130 (C-20, Santa Cruz Biotech., 1:1000), p107 (C-18, Santa Cruz Biotech., 1:1000), DP1 (K-20, Santa Cruz Biotech., 1:500), B-Myb (N-19, Santa Cruz Biotech., 1:500) and LIN9 (ab62329, Abcam, Cambridge, UK, 1:1000 dilution). The B-myb LX015.1 monoclonal antibody for detection of mouse B-myb was a kind gift from Roger Watson ([@gkt849-B41]), and the LIN37 (1:1000) and LIN54 (1:750) polyclonal antibodies were kind gifts from James DeCaprio ([@gkt849-B15]). Nrf-1 was detected with Nrf-1 polyclonal antibody (1:5000), a kind gift from Kimitoshi Kohno ([@gkt849-B42]). Creb-1 polyclonal antibody (C-21, Santa Cruz Biotech., 1:200) was used for detection of Creb-1. Band intensities were quantified by densitometric analyses using Multi Gauge v3.1 Quant (Fujifilm, Tokio, Japan).

Chromatin immunoprecipitations
------------------------------

T98G, HCT116 and HeLa wt cells were cross-linked with 1% formaldehyde for 10 min at room temperature. ChIPs were performed as described previously ([@gkt849-B12]). The following antibodies were used for precipitation of DREAM complex components: E2F4 (C-20, Santa Cruz Biotech.), p130 (C-20, Santa Cruz Biotech.), B-Myb (N-19, Santa Cruz Biotech.), p53 (FL-393, Santa Cruz Biotech.), p53 (Ab-6, DO-1, Calbiochem), LIN9 (ab62329, Abcam, Cambridge, UK) and another LIN9 and LIN37 antibodies were kind gifts from James DeCaprio ([@gkt849-B15]). A nontargeting rabbit antibody was used as a control for nonspecific signals. For all precipitations 1--2 µg of antibody and 20--35 µl of Protein G Dynabead suspension (Invitrogen) were used. Immunoprecipitated DNA was used as template for quantitative real-time PCR as described previously ([@gkt849-B12]). The following primers were used for qPCR: hPLK4-for 5′-GGC CCC GAA GTC TAG AAC C-3′, hPLK4-rev 5′-CGG AAA GTT CTC CCT GAC AC-3′; hGAPDHS-for 5′-AGA CCA GCC TGA GCA AAA GA-3′, hGAPDHS-rev 5′-CTA GGC TGG AGT GCA GTG GT-3′; hCDKN1A-for 5′-CTG AGC CTC CCT CCA TCC-3′, hCDKN1A-rev 5′-GAG GTC TCC TGT CTC CTA CCA TC-3′.

RNA extraction, reverse transcription and quantitative real-time PCR
--------------------------------------------------------------------

Total RNA was isolated from cell lines using TRIzol Reagent (Invitrogen) following the manufacturer's protocol. One-step reverse transcription and quantitative real-time PCR were performed with an ABI 7300 Real-Time PCR System (Applied Biosystems, Forster City, CA, USA) using QuantiTect SYBRGreen PCR Kit (QIAGEN). *U6* was served as endogenous control. The following primers were used for qPCR: U6-for 5′-AAC GCT TCA CGA ATT TGC GT-3′, U6-rev 5′-CTC GCT TCG GCA GCA CA-3′; hPLK4-for 5′-CCA CAG ACA ACA ATG CCA AC-3′, hPLK4-rev 5′-GCA GAT TCC CAA ACC ACT GT-3′; mPlk4-for 5′-GAA ACA CCC CTC TGT CTT GG-3′, mPlk4-rev 5′-GCA TGA AGT GCC TAG CTT CC-3′; mBmyb-for 5′-AGG GAC TGC AAG CCT GTC TA-3′, mBmyb-rev 5′-GCA GCT ATG GCA ATC TCC TC-3′; mCcnb2-for 5′-TGA AAC CAG TGC AGA TGG AG-3′, mCcnb2-rev 5′-CTG CAG AGC TGA GGG TTC TC-3′; hNRF1-for 5′-CTT ACA AGG TGG GGG ACA GA-3′, hNRF1-rev 5′-CAA TGT CAC CAC CTC CAC AG-3′.

Statistics
----------

Data are presented as means of ± standard deviations. The significance of the difference between two groups was assessed using the Student's *t*-test. \**P* ≤ 0.05; \*\**P* ≤ 0.01; \*\*\**P* ≤ 0.001; n.s.: not significant; 2 ≤ *n* ≤ 4.

Bioinformatics
--------------

Promoter regions were compiled from coding transcripts in the UCSC known Gene table ([@gkt849-B43]) by using the 200 nt upstream and downstream from each transcription start site. The GREAT tool ([@gkt849-B44]) in its current version 2.02 was used to identify regions that overlap with functional genes (with at least one annotated gene ontology term). Promoter regions were separated into sets of overlapping and nonoverlapping regions while overlapping regions were merged using BEDtools ([@gkt849-B45]) to avoid redundancy. Corresponding sequences from nonredundant regions were used to search for transcription factor binding sites.

ChIP-chip binding data for DREAM was taken from Litovchick *et al.* ([@gkt849-B15]) and lifted to the current human genome version (GRCh37/hg19) using UCSC liftover ([@gkt849-B46]). Promoter regions covered to at least 90% by a protein\'s binding region are considered to be bound by this protein. Following Litovchick *et al.*, a promoter was considered to be bound by DREAM if it is bound by at least E2F4, LIN9 and p130.

PhastCons conservation scores ([@gkt849-B47]) obtained from the multiz46 alignment of placental mammalia ([@gkt849-B48]) were used to calculate average sequence conservation. Transcription factor binding sites (represented as a set of strings) were searched in all promoter sequences on plus and minus strands and considered as hits if their average conservation was at least 0.8. String representation for the transcription factor binding sites was chosen as follows: CHR (TTTGAA, TTTAAA, CTTGAA, TAGGAA) ([@gkt849-B8]); CCAAT (CCAAT); CRE (TGACGT); NRF1 (GCATGCG, GCACGCG, GCAGGCG). For sequences from the set of overlapping promoter regions, the affiliation of binding sites to either one of the contained transcriptional start sites (TSS) was assigned manually.

The HPV microarray data sets were manually compared with each other, with the original data set by Litovchick *et al.* ([@gkt849-B15]) and with the processed data set described above.

RESULTS
=======

Cell cycle-dependent transcription of the *Plk4* gene is controlled by repression through a CDE/CHR tandem promoter element
---------------------------------------------------------------------------------------------------------------------------

The *Plk4* promoter region shows an unusual pattern of conserved elements ([Figure 1](#gkt849-F1){ref-type="fig"}A). We searched mammalian genomes from opossum to human for phylogenetically conserved sites and found putative CDE and CHR elements, separated by a standard 4 nt spacer. However, *Plk4* promoters lack CCAAT-boxes, which are usually found in CDE/CHR-controlled promoters with two or three copies separated by 31--33 nt spacers ([@gkt849-B8]). The only conserved and potentially activating transcription factor motifs in the promoter region are putative NRF1 and CRE sites ([Figure 1](#gkt849-F1){ref-type="fig"}A). Figure 1.CDE and CHR sites, but not NRF1 and CRE elements, control repression of the *Plk4* promoter in G~0~/G~1~**.** (**A**) UCSC genome browser graph displaying a part of the *Plk4* promoter with the conserved NRF1, CRE, CDE and CHR sites. The vertebrate conservation track (PhastCons, dark green) highlights phylogenetically well conserved elements. Selected alignments from opossum to human are shown. (**B**) Expression of *Plk4* mRNA during the cell cycle. NIH3T3 cells were arrested in G~0~ by serum starvation and stimulated to reenter the cell cycle by addition of FCS to the medium. Cells were collected every 3 h, RNA was extracted and the relative expression of *Plk4* mRNA was quantified by real-time RT-PCR. (**C**) Expression of *U6* mRNA served as control. (**D**) Luciferase reporter assays from NIH3T3 cells transfected with wt or mutant *Plk4* promoter constructs. Mutants are named by the site that is mutated. NIH3T3 cells were arrested in G~0~ by serum starvation and stimulated to reenter the cell cycle by addition of FCS to the medium. Top and middle panel: RLU, relative light units. Both panels originate from one experiment, which was split in two graphs with different scaling. Wt *Plk4* results are displayed in both panels. Bottom panel: fold-induction of RLUs relative to the 0 h time point. (**E**) Fluorescence-activated cell sorting analyses of cells used in D.

We measured *Plk4* mRNA expression during the cell cycle in NIH3T3 cells. The typical expression pattern of *Plk4,* with low mRNA levels in G~0~/G~1~ and increasing expression in S phase, reaching a maximum in G~2~ and mitosis ([Figure 1](#gkt849-F1){ref-type="fig"}B), resembles the pattern observed from genes regulated by CDE and CHR cell cycle elements ([@gkt849-B8]). Expression levels of *U6* served as control, which are only influenced to a small extent by the cell cycle ([Figure 1](#gkt849-F1){ref-type="fig"}C). We created mutants in the putative transcription factor binding sites and tested them together with the wt promoter in reporter assays during the cell cycle ([Table 1](#gkt849-T1){ref-type="table"}, [Figure 1](#gkt849-F1){ref-type="fig"}D and E). Transcription from the wt promoter essentially reflected the expression of the *Plk4* mRNA, indicating that the relevant gene fragment was selected to be tested as a promoter ([Figure 1](#gkt849-F1){ref-type="fig"}B and D, middle panel). Table 1.Mutations introduced into the CDE, CHR, NRF1 and CRE sites of the mouse *Plk4* promoter![](gkt849t1.jpg)

Cell cycle-dependent stimulation of transcription from the *Plk4* promoter in the luciferase reporter assay was \>25-fold when comparing the 0-h time point to the highest expression in G~2~/M ([Figure 1](#gkt849-F1){ref-type="fig"}D, bottom panel). Mutation of the CDE or both the CDE and CHR resulted in a substantial loss of cell cycle regulation with a general increase in promoter activity in the early phases of the cell cycle. Alteration of the CHR alone also led to a clear deregulation, however, not as substantial as the CDE mutant ([Figure 1](#gkt849-F1){ref-type="fig"}D, top and bottom panel). The pattern of deregulation showed that CDE and CHR are bona fide functional cell cycle elements. Analyses of mutants in the putative CRE and NRF1 sites led to only a small or essentially no change in cell cycle regulation, respectively ([Figure 1](#gkt849-F1){ref-type="fig"}D, middle panel). The data indicate that cell cycle-dependent transcription of *Plk4* is controlled by the CDE/CHR tandem element in which the CDE plays a more significant role in mediating transcriptional repression than the CHR.

DREAM complex components bind through the CDE and CHR sites to the *Plk4* promoter
----------------------------------------------------------------------------------

Recently, we have shown that the DREAM protein complex can bind to CHR elements ([@gkt849-B12]). Thus, we tested whether the CDE/CHR site responsible for *Plk4* promoter regulation can bind components representative for DREAM. Western analyses of DNA affinity purifications from G~0~ cell nuclear extracts showed *in vitro* binding of DREAM components p130, E2f4, Lin9 and Lin37 to a wt *Plk4* promoter probe ([Figure 2](#gkt849-F2){ref-type="fig"}A). Binding of DREAM components to CDE or CHR promoter mutants appeared to be close to the negative control background level ([Figure 2](#gkt849-F2){ref-type="fig"}A). Thus, the CDE appears to be required for DREAM binding to the *Plk4* promoter ([Figure 2](#gkt849-F2){ref-type="fig"}A). Combined mutation of CRE and NRF1 sites hardly affected DREAM binding ([Figure 2](#gkt849-F2){ref-type="fig"}A). Figure 2.The DREAM complex components bind through the CDE and CHR and not through NRF1 or CRE sites to the Plk4 promoter. (**A**) Nuclear extracts from density-arrested NIH3T3 cells were analyzed by DNA affinity purification with wt, CRE/NRF1, CDE or CHR mutant Plk4 promoter probes followed by western blot. An irrelevant segment from the pGL4.10 vector served as negative control. Band intensities were quantified by densitometric analyses. The intensities relative to the control are given below the bands. (**B**) *In vivo* protein binding to the Plk4 promoter in serum-starved and restimulated T98G cells was tested by ChIP.

For ChIP, serum-starved or restimulated human T98G cells were used. Both DREAM components, E2F4 and LIN9, were bound to the *Plk4* promoter in G~0~ cells, and association substantially decreased in cell populations with an enriched G~2~/M fraction. In contrast, binding of B-Myb to the *Plk4* gene increased after the shift toward G~2~/M ([Figure 2](#gkt849-F2){ref-type="fig"}B, [Supplementary Figure S1A](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt849/-/DC1)).

Recently, the transcription factor FoxM1 was found to bind cell cycle genes via MMB ([@gkt849-B49]) and that the resulting complex requires the CHR but not the CDE as binding site ([@gkt849-B51]). Consequently, we also tested the *Plk4* gene for binding of FoxM1. However, no FoxM1 association to *Plk4* was detected by ChIP (data not shown). Furthermore, the *Plk4* locus was not observed to bind FoxM1 in ChIP-Seq analyses ([@gkt849-B51]).

The *Plk4* promoter is activated through NRF1 and CRE sites. B-Myb contributes to maximal expression and is bound through the CHR in proliferating cells
--------------------------------------------------------------------------------------------------------------------------------------------------------

Binding of B-myb to *Plk4* in proliferating cells is also observed *in vitro* using DNA affinity purification ([Figure 3](#gkt849-F3){ref-type="fig"}A). Comparing binding to the different probes, it appears that B-myb is bound to the *Plk4* promoter through the CHR but not the CDE. Furthermore, the other potentially activating transcription factors Nrf-1 and Creb-1 were bound independently from the CDE and CHR through their NRF1 and CRE recognition sites, respectively ([Figure 3](#gkt849-F3){ref-type="fig"}A). Figure 3.The Plk4 promoter is activated through NRF1 and CRE sites. B-Myb contributes to maximal expression and is bound through the CHR in proliferating cells. (**A**) Protein binding to the wt and mutant Plk4 promoter was analyzed with nuclear extracts from asynchronous growing NIH3T3 cells by DNA affinity purification and western blot. Band intensities were quantified by densitometric analyses. The intensities relative to the control are given below the bands. (**B**) Double thymidine- or nocodazole-blocked NIH3T3 cells were cotransfected with a vector expressing shRNA targeting Bmyb (sh-Bmyb) or an shRNA construct expressing a nontargeting luciferase shRNA (sh-Luc) as a negative control and with EGFP. Cells were sorted for green fluorescence before mRNA preparation. Relative expression of Bmyb, Plk4 and Ccnb2 mRNA was quantified by RT-PCR and normalized to U6 RNA levels. (**C**) Luciferase reporter assays were performed with wt and CHR mutant Plk4 promoter reporter constructs from double thymidine- or nocodazole-blocked NIH3T3 cells. Cells were cotransfected with sh-Bmyb or a shRNA construct expressing a nontargeting GFP-shRNA as a negative control. (**D**) Asynchronous growing HCT116 cells were transfected with siRNA targeting NRF1 or with siControl. Relative expression of NRF1 and PLK4 mRNA was quantified by RT-PCR and normalized to U6 RNA levels. (**E**) Luciferase reporter assays with wt or NRF1-mutant Plk4 promoter constructs. HCT116 cells were cotransfected with siRNA targeting NRF1 or with siControl. (**F**) Luciferase reporter assays from NIH3T3 cells transfected with wt or mutant Plk4 promoter constructs. NIH3T3 cells were arrested in G0 by serum starvation and stimulated to reenter the cell cycle by addition of FCS to the medium. After 24 h of serum addition, cells were enriched in G2/M phases. Twenty four hours after addition of serum, NIH3T3 cells were enriched in G2/M cell cycle phases. RLU, relative light units. (**G**) Bioinformatic identification of CCAAT, CRE and NRF1 elements in DREAM/CHR promoters.

The B-myb-containing MMB complex forms in S and G~2~ phases and is required for induction of gene expression in late S, G~2~ and M phases ([@gkt849-B12],[@gkt849-B15],[@gkt849-B16],[@gkt849-B19],[@gkt849-B20],[@gkt849-B49]). However, mutation of the CHR did not lead to reduced activity of the *Plk4* promoter in luciferase reporter assays during late cell cycle phases ([Figure 1](#gkt849-F1){ref-type="fig"}D, top panel). This contrasts prior findings for *cyclin B2*, but is in line with results obtained for the *Ube2c* promoter ([@gkt849-B12]). *Bmyb*-knockdown by shRNA reduces *Plk4* and *Ccnb2* expression in nocodazole-blocked G~2~/M cells but not in double thymidine-arrested G~1~/S cells ([Figure 3](#gkt849-F3){ref-type="fig"}B, [Supplementary Figure 1B](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt849/-/DC1)). Since B-myb binds through the CHR ([Figure 3](#gkt849-F3){ref-type="fig"}A) ([@gkt849-B12]), we compared wt and the CHR mutant promoter function in reporter assays ([Figure 3](#gkt849-F3){ref-type="fig"}C, [Supplementary Figure S1C](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt849/-/DC1)). Activity of the wt promoter was reduced while the CHR mutant yielded only small changes ([Figure 3](#gkt849-F3){ref-type="fig"}C). However, also in double thymidine-arrested cells the *Plk4* promoter activity was reduced even though MMB was reported to be inactive during this phase of the cell cycle ([@gkt849-B49]). There is no obvious explanation for the discrepancy between the two assays. Taken together, these results indicate that B-myb, as part of the MMB complex, not only binds to the CHR but is also necessary for full activity of the *Plk4* wt promoter.

Furthermore, we addressed the role of Nrf-1 for activation of *Plk4*. siRNA-mediated downregulation of *Nrf-1* mRNA resulted in a reduced *Plk4* mRNA level ([Figure 3](#gkt849-F3){ref-type="fig"}D, [Supplementary Figure S1D](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt849/-/DC1)). The *Plk4* wt promoter also displays a reduced activation after siNRF1 treatment. Conversely, the NFR1 mutant promoter displays not only lower activity than the wt promoter but also shows no further reduction in activity on siNRF1 treatment ([Figure 3](#gkt849-F3){ref-type="fig"}E). We tried to test the role of Creb-1 for activation. However, induction and inhibition of the cAMP-PKA pathway by forskolin and H89, respectively, resulted in such a significant shift of cell cycle distribution that the cell cycle-dependent change of promoter activity overshadowed a possible alteration by Creb-1 (data not shown). Similar shifts have been described for Creb-1-knockdown experiments ([@gkt849-B52],[@gkt849-B53]). Thus, we were unable to discriminate whether Creb-1 instead of any other CRE-binding proteins activates the *Plk4* promoter via the CRE site. Mutation of the CRE and NRF1 sites showed a reduction of promoter activity below vector control in promoter reporter assays and thus suggests that a substantial part of the *Plk4* promoter activity is conferred through the two elements ([Figure 3](#gkt849-F3){ref-type="fig"}F).

Since activation of CDE/CHR-controlled promoters is usually achieved through NF-Y proteins binding to CCAAT-boxes ([@gkt849-B8],[@gkt849-B9]), we investigated with bioinformatic tools how common CRE and NRF1 elements are in the group of CDE/CHR genes. Of 792 DREAM-binding genes ([@gkt849-B12],[@gkt849-B15]), we found 140 promoter regions with conserved CHRs close to the TSS (±200 nt) ([Figure 3](#gkt849-F3){ref-type="fig"}G, [Supplementary Table S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt849/-/DC1)). In this group, 67% of the promoters harbor conserved CCAAT-boxes. Only 12% of this group of genes shows additional conserved CRE and/or NRF1 binding elements. However, 39% of the promoters not containing CCAAT-boxes have CRE and/or NRF1 binding sites in the DREAM/CHR fraction, which resembles an enrichment of 3.3-fold over the promoters with CCAAT-boxes ([Figure 3](#gkt849-F3){ref-type="fig"}G). In three genome-wide microarray data sets, we find all 18 genes of this fraction to be cell cycle-dependently regulated in at least one of the studies ([@gkt849-B39],[@gkt849-B49],[@gkt849-B54]). Additionally, we find 12 (75%) of these genes to be p53-dependendly downregulated in at least one of three genome-wide microarray studies ([@gkt849-B55]). However, a common promoter structure in which the CRE and NRF1 elements are placed relative to a CHR or the TSS could not be identified.

Taken together, these data show that most of the transcriptional activity of the *Plk4* promoter is conferred through CHR, NRF1 and CRE sites and that CRE and NRF1 sites may serve as an alternative to transcriptional activation by NF-Y/CCAAT-boxes in DREAM/CHR-controlled genes.

p53-controlled downregulation of *Plk4* expression depends on p21^WAF1/CIP1^ and binding of DREAM to the CDE and CHR sites
--------------------------------------------------------------------------------------------------------------------------

Several reports suggested that *Plk4* expression can be downregulated by p53 ([@gkt849-B56],[@gkt849-B58],[@gkt849-B59]). Experiments in NIH3T3 cells indeed showed that *Plk4* expression is downregulated on doxorubicin-induced DNA damage, while *CDKN1A (p21)* expression increased ([Figure 4](#gkt849-F4){ref-type="fig"}A, [Supplementary Figure S2A](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt849/-/DC1)). To elucidate the mechanism of this regulation, we tested whether p21^WAF1/CIP1^ is required. HCT116 wt, HCT116 *p53^−/−^* and HCT116 *p21^−/−^* cells were treated with doxorubicin, and changes in *Plk4* mRNA levels were assayed. In wt cells, *Plk4* mRNA is downregulated about 4-fold after induction of DNA damage by doxorubicin. In cells that lack functional p53 or p21^WAF1/CIP1^, this effect is essentially lost, indicating that both tumor suppressors are required for p53-dependent downregulation of *Plk4* on DNA damage ([Figure 4](#gkt849-F4){ref-type="fig"}B, [Supplementary Figure S2A](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt849/-/DC1)). Interestingly, the cyclin-dependent kinase (CDK) inhibitor roscovitine leads to reduced *Plk4* expression not only in NIH3T3 and wt HCT116 cells but, in contrast to doxorubicin, also in HCT116 *p53^−/−^* or HCT116 *p21^−/−^* cells ([Figure 4](#gkt849-F4){ref-type="fig"}A and B). To further test for transcription factor binding sites potentially responsible for promoter repression, we performed reporter assays with wt and mutant *Plk4* promoters after transfection of p53 and p21^WAF1/CIP1^ plasmids ([Figure 4](#gkt849-F4){ref-type="fig"}C, [Supplementary Figure S2B](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt849/-/DC1) and [C](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt849/-/DC1)). The cloned *Plk4* promoter is similarly downregulated by p53 as the *Plk4* mRNA. Importantly, p21^WAF1/CIP1^ appeared to be required since p53 was not able to substantially repress the *Plk4* promoter in HCT116 *p21^−/−^* cells. In contrast, p21^WAF1/CIP1^ was sufficient for downregulation of *Plk4* in the absence of p53, suggesting that p21^WAF1/CIP1^ is required downstream from p53 for repression. When looking at the transcription factor binding sites necessary for repression, we observed that both the CDE and the CHR elements are required for p53- and p21^WAF1/CIP1^-dependent repression. The NRF1 site did not seem to be involved in the transcriptional repression, whereas mutation of the CRE site resulted in a roughly 2-fold loss in transcriptional repression compared with the wt reporter when p53 or p21^WAF1/CIP1^ were overexpressed ([Figure 4](#gkt849-F4){ref-type="fig"}C, [Supplementary Figure S2C](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt849/-/DC1)). The p53 R175H mutant (p53mut) has been reported to be a structural and gain-of-function mutant ([@gkt849-B60],[@gkt849-B61]). However, this mutant appears to have no gain-of-function effect on the transcriptional regulation of *Plk4* when comparing the promoter reporter activities after coexpression with p53 and p21 constructs ([Supplementary Figure S2C](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt849/-/DC1)). Figure 4.p53-controlled downregulation of *Plk4* expression depends on p21^WAF1/CIP1^ and binding of DREAM to the CDE and CHR sites. (**A**) Expression of *Plk4* mRNA in NIH3T3 and in (**B**) HCT116 wt, *p53^−/−^* or *p21^−/−^* cells treated with doxorubicin and roscovitine for 24 h. Cells without treatment served as control. Relative expression of *Plk4* mRNA was quantified by RT-PCR and normalized to *U6* RNA levels. (**C**) Luciferase reporter assays with wt or mutant *Plk4* promoter constructs were cotransfected in HCT116 *p53^−/−^* or HCT116 *p21^−/−^* cells with p53mut, p53wt, p21mut or p21wt expression vectors. Ratios of values from wt/mut transfections with p53 or p21 are shown as fold-repression relative to the vector control.

Since p53/p21-dependent repression was mediated through the CDE and CHR sites, we investigated DREAM and MMB binding to the *Plk4* promoter *in vivo*. Chromatin from HCT116 cells before or after induction of DNA damage by doxorubicin was assayed by ChIP. Binding of p130 and E2F4, two representatives of the DREAM complex, to the *Plk4* promoter increased after doxorubicin-induced DNA damage, although cell cycle distribution was shifted toward G~2~/M ([Figure 5](#gkt849-F5){ref-type="fig"}, top panel, [Supplementary Figure S3B](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt849/-/DC1)). Also LIN9 binding increased, whereas B-Myb binding did not change significantly. With p53 binding to the *CDKN1A (p21^WAF1/CIP1^)* promoter as a positive control, no direct binding of p53 to the *Plk4* promoter was observed ([Figure 5](#gkt849-F5){ref-type="fig"}, top panel, [Supplementary Figure S3](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt849/-/DC1)). Conversely, in HCT116 *p53^−/−^* cells binding of the DREAM components p130 and E2F4 as well as LIN9 is reduced and binding of the MMB component B-Myb is increased after DNA damage-induced G~2~/M arrest ([Figure 5](#gkt849-F5){ref-type="fig"}, middle panel). This is consistent with the cell cycle-dependent shift from DREAM toward MMB binding ([Figure 2](#gkt849-F2){ref-type="fig"}B). Additionally, in HCT116 *p21^−/−^* cells we found low levels of DREAM binding to *Plk4* and no induction after doxorubicin-induced DNA damage ([Figure 5](#gkt849-F5){ref-type="fig"}, bottom panel). Figure 5.*In vivo* protein binding to the *Plk4* promoter in untreated or 48-h doxorubicin-treated HCT116 wt, *p53^−/−^* or *p21^−/−^* cells was tested by ChIP. Protein binding to the *GAPDHS* promoter served as a negative control.

These results suggest that p53-dependent downregulation of *Plk4* on doxorubicin-induced DNA damage requires p21^WAF1/CIP1^ and the CDE/CHR tandem site. Although cell cycle distribution shifts toward G~2~/M after doxorubicin-induced DNA damage, binding of the DREAM complex increases in cells that have an intact p53-p21 pathway.

Deregulation of *Plk4* expression after HPV-16 E7 induction depends on loss of DREAM binding to the CDE and CHR elements
------------------------------------------------------------------------------------------------------------------------

An earlier study had described a deregulation of *Plk4* expression on coexpression of HPV-16 E7 protein, however, without specifying the details of the mechanism involved ([@gkt849-B33]). Disruption of the DREAM complex by HPV E7 has been reported previously ([@gkt849-B28]). Thus, we addressed the question whether HPV E7 increases *Plk4* expression by disrupting binding of the DREAM complex to the CDE/CHR site. First, we generated HCT116 cells stably expressing HPV-16 E7 wt and observed that *Plk4* mRNA levels were increased compared with levels in HCT116 wt cells. Expression of the E7 ΔDLYC mutant, with a deletion in the pocket-protein binding-domain, served as a negative control ([Figure 6](#gkt849-F6){ref-type="fig"}A, [Supplementary Figure S4A](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt849/-/DC1)). To examine a possible influence of the CDE and CHR sites in the promoter, we cotransfected HCT116 wt, *p53^−/−^* and *p21^−/−^* cells with *Plk4* promoter reporter and HPV-16 E7 constructs ([Figure 6](#gkt849-F6){ref-type="fig"}B, [Supplementary Figure S4B](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt849/-/DC1)). The *Plk4* promoter is activated after expression of wt E7 compared with E7 ΔDLYC mutant. Activation of the *Plk4* promoter by E7 is less prominent in cells lacking p53 and p21. Importantly, when the CDE and CHR sites in the promoter were mutated, deregulation after expression of HPV-16 E7 was lost ([Figure 6](#gkt849-F6){ref-type="fig"}B). Figure 6.Deregulation of *PLK4* expression after expression of HPV-16 E7 depends on loss of DREAM binding to the CDE and CHR elements. (**A**) HCT116 wt and HCT116 stably transfected with a plasmid encoding HPV-16 E7 wt or its ΔDLYC mutant. Relative expression of *PLK4* mRNA was quantified by RT-PCR and normalized to *U6* RNA levels. (**B**) Luciferase reporter assays from lysates of HCT116 wt; *p53^−/−^* or *p21^−/−^* cells transfected with plasmids expressing wt or CDE/CHR mutant *Plk4* promoter constructs. Plasmids expressing HPV-16 E7 wt or its ΔDLYC mutant were cotransfected. Results are given as relative light units. (**C**) Nuclear extracts from HCT116 E7 wt and E7 ΔDLYC cells were analyzed by DNA affinity purification with wt and CDE/CHR mutant *Plk4* promoter probes followed by western blot. Band intensities were quantified by densitometric analyses. Relative intensities are given below the bands. Intensities of input bands were normalized to E7 ΔDLYC. Binding intensities to *Plk4* promoters were normalized to CDE/CHR mutant probes from E7 ΔDLYC extracts. (**D**) Protein binding to the *PLK4* promoter in HeLa cells was assessed by ChIP. Protein binding to the *GAPDHS* promoter served as a negative control. (**E**) HCT116 E7 wt and HeLa cells were treated with doxorubicin and roscovitine for 24 h. Cells without treatment served as control. Relative expression of *PLK4* mRNA was quantified by RT-PCR and normalized to *U6* RNA levels. (**F**) Luciferase reporter assays with wt and CDE/CHR mutant *Plk4* promoter reporter constructs in HCT116 *p53^−/−^* cells. Cells were cotransfected with p53mut, p53wt, p21mut or p21wt expression vectors and HPV-16 E7 wt or ΔDLYC mutant. Results are given as relative light units. (**G**) Venn diagram from DREAM-bound genes ([@gkt849-B12],[@gkt849-B15]), genes upregulated by HPV E7 ([@gkt849-B64]) and genes downregulated by HPV E2 proteins repressing *E7* ([@gkt849-B65],[@gkt849-B66]).

Following the experiments on transcriptional regulation, we tested differential protein binding to the *Plk4* promoter using extracts from HCT116 cells stably transfected with E7 wt- or E7 mutant-expressing constructs. Binding of the DREAM-specific components p130, p107, E2F4 and DP1 as well as the MuvB core components LIN9, LIN37 and LIN54 to the *Plk4* wt probe was reduced when comparing E7 wt to E7 mutant extracts, whereas the MMB-specific component B-Myb appeared hardly to be affected. CREB-1 binding to the *Plk4* promoter probe was essentially not affected by E7 wt expression or mutation of the CDE/CHR site ([Figure 6](#gkt849-F6){ref-type="fig"}C).

Binding of DREAM and MMB proteins was also tested by ChIP in HPV-18 E7-expressing HeLa cells. Comparing binding with the *GAPDHS* promoter as a negative control, no significant enrichment of DREAM-specific components p130 and E2F4 at the *Plk4* promoter was observed. Still, the MuvB core proteins, LIN9 and LIN37, as well as the MMB-specific component B-Myb are bound to the *Plk4* promoter ([Figure 6](#gkt849-F6){ref-type="fig"}D).

Furthermore, we tested whether wt E7 also impaired the p53-p21-DREAM-CDE/CHR pathway. HCT116 E7 wt cells and HeLa cells were treated with doxorubicin and roscovitine yielding no significant repression of *Plk4* mRNA ([Figure 6](#gkt849-F6){ref-type="fig"}E, [Supplementary Figure S4C](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt849/-/DC1)). In contrast, HCT116 wt cells, without E7 expression, showed strong repression of *Plk4* ([Figure 4](#gkt849-F4){ref-type="fig"}B). As described earlier, DNA damage-induced G~2~/M arrest in E7-expressing HCT116 E7 wt and HeLa cells is disrupted ([Supplementary Figure S4C](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt849/-/DC1)) ([@gkt849-B62]). We also observed that E7-mediated deregulation of the p53-p21 pathway is mimicked by mutation of CDE and CHR sites ([Figure 6](#gkt849-F6){ref-type="fig"}F, [Supplementary Figure S4D](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt849/-/DC1)). However, the repression effect caused by p53 and p21 is slightly reduced in E7 ΔDLYC-expressing cells ([Figure 6](#gkt849-F6){ref-type="fig"}F) compared with cells not expressing E7 ΔDLYC ([Figure 4](#gkt849-F4){ref-type="fig"}C). Consistently, it had been published that E7 can interfere with p21 also in the absence of its pocket protein binding domain ([@gkt849-B63]).

Next, we addressed the question whether HPV E7 protein-dependent deregulation of the DREAM-CDE/CHR system is a general mechanism. Two previous studies have analyzed deregulation of cellular genes after expression of HPV proteins in genome-wide approaches. In one study, Rosty *et al.* used microarray hybridizations with HPV-infected cervical cancer samples and correlated *E7* expression with upregulation of cellular genes. They identified a cervical cancer proliferation cluster of 123 genes whose expression correlates with *E7* mRNA levels and viral DNA load ([@gkt849-B64]). Interestingly, when comparing these results with the study by Litovchick *et al.* ([@gkt849-B15]), we found that 89 (72.4%) of these genes are also described to be bound by DREAM ([Supplementary Table S2](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt849/-/DC1), [Figure 6](#gkt849-F6){ref-type="fig"}G). In a second study, a different approach used the expression of HPV E2, a transcriptional repressor of *E6* and *E7*, in HPV-18-associated HeLa cells ([@gkt849-B65]). After expressing E2, Thierry and coworkers identified 63 downregulated genes in a microarray analysis. Later, the same group reported the identification of additional 72 genes downregulated by E2 in a microarray experiment with higher coverage ([@gkt849-B66]). Importantly, we observed that of the 135 genes combined from the two studies, 81 (60.0%) are also found to bind DREAM proteins. The overlap of the E2 and E7 studies consists of 51 genes. Strikingly, nearly all of the overlapping genes (50 or 98%) are also reported to bind DREAM ([Supplementary Table S2](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt849/-/DC1), [Figure 6](#gkt849-F6){ref-type="fig"}G).

Taken together, these observations show that HPV E7 deregulates Plk4 expression by interfering with DREAM binding to the CDE/CHR tandem site. More importantly, HPV E7 appears to upregulate many important cell cycle genes by disturbing the DREAM-CDE/CHR pathyway.

DISCUSSION
==========

In the present study, we show that *Plk4* expression is activated through NRF1 and CRE promoter elements instead of the established NF-Y/CCAAT system. The cell cycle- and p53-depedent regulation of *Plk4* is controlled by DREAM and MMB complex binding to a CDE/CHR tandem element and deregulated by the viral oncoprotein HPV E7.

Nrf-1 and Creb-1 can substitute for NF-Y in activating CDE/CHR promoters and link metabolism and cell cycle control
-------------------------------------------------------------------------------------------------------------------

Most CDE/CHR-controlled genes described to date are activated through NF-Y bound CCAAT-boxes, with *cyclin B2* as the most prominent example ([@gkt849-B8],[@gkt849-B9]) ([Supplementary Figure S5](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt849/-/DC1)). Only *Bub1b* was shown to be activated differently, with ZNF143 serving as basal activator ([@gkt849-B67]). Here we show that the *Plk4* promoter is mainly activated through binding sites for Nrf-1 and Creb-1 ([Supplementary Figure S5](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt849/-/DC1)). Nrf-1 was initially described as a transcription factor binding to and activating metabolic genes, e. g. the *cytochrome C* promoter. The palindrome GCGCATGCGC and related sequences differing by few nucleotide exchanges were identified as Nrf-1 binding sites ([@gkt849-B68],[@gkt849-B69]). Indeed, we find that Nrf-1 and Creb-1 bind to the phylogenetically conserved NRF1 and CRE sites in the *Plk4* promoter, respectively ([Figure 3](#gkt849-F3){ref-type="fig"}A). Consistently, Nrf-1 and Creb-1 were identified to bind the *Plk4* promoter locus in ENCODE ChIP-Seq experiments ([@gkt849-B70]). The finding that Nrf-1 binds many genes also bound by p130 and E2F4 led to the hypothesis that Nrf-1 may provide a link between metabolism and the cell cycle ([@gkt849-B71]). In that study, also *Plk4* appeared in a ChIP-on-chip screening as bound by both p130/E2F4 and Nrf-1.

Nrf-1 and Creb-1 transcription factors were both described to be activated on serum addition ([@gkt849-B72]). We could not confirm this observation for the NRF1 site in the *Plk4* promoter. Nevertheless, we found an ∼2-fold contribution of the CRE site to cell cycle- and p53-dependent transcriptional regulation of *Plk4* ([Figures 1](#gkt849-F1){ref-type="fig"}D and [4](#gkt849-F4){ref-type="fig"}C). Consistently, a CRE site was earlier identified to contribute to p53-dependent transcriptional repression of *cyclin A2* ([@gkt849-B73]). These data are in agreement with the model that, among other intensively studied signaling pathways ([@gkt849-B74],[@gkt849-B75]), Creb-1 is phosphorylated by GSK3-β during G~0~ and G~1~, leading to low expression of its target genes ([@gkt849-B76]).

Considering these observations and the notion that most CDE/CHR-regulated genes were described to be activated by NF-Y/CCAAT, we used a motif search for phylogenetically conserved CCAAT-boxes, NRF1 and CRE sites in promoters reported to bind DREAM ([Supplementary Table S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt849/-/DC1)). About one-third of the genes harboring a conserved CHR and binding DREAM do not contain a conserved CCAAT-box ([Figure 3](#gkt849-F3){ref-type="fig"}G and [Supplementary Table S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt849/-/DC1)). Out of this group of genes, 18 (39%) hold conserved CRE and NRF1 sites. Significantly, this resembles a 3.3-fold enrichment of CRE/NRF1-site abundance over the group of CCAAT-box-containing DREAM/CHR genes ([Figure 3](#gkt849-F3){ref-type="fig"}G). We found all 18 genes in at least one of three genome-wide microarray studies to be regulated dependent on the cell cycle ([@gkt849-B39],[@gkt849-B49],[@gkt849-B54]) and 12 (75%) to be p53-dependently downregulated in at least one of three genome-wide microarray data sets ([@gkt849-B55]). In addition to *Plk4,* other genes coding for proteins that carry out important functions in the cell cycle are found in this fraction, namely *Anln*, *Cdc7*, *Kif2c*, *Mad2l1*, *Ncapg*, *Ncaph*, *Ndc80*, *Rtkn2*, *Ska1*, *Smc4* and *Top1*. These observations are in agreement with a previous study that found NF-Y, Creb-1 and Nrf-1 binding sites to be enriched in genes that bind E2F4. This study also observed the presence of Nrf-1 sites to be significantly enriched with Creb-1 and E2F but not with NF-Y binding sites ([@gkt849-B79]). Thus, basal activation through NRF1 and CRE sites might act as an alternative mechanism to NF-Y/CCAAT-dependent activation of DREAM/CHR-controlled genes ([Supplementary Figure S5](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt849/-/DC1)). Consistently, a study by the FANTOM consortium found Creb-1, Nrf-1, NF-Y, E2F1-5 and Myb to be part of 30 core nodes controlling the transcriptional regulation of growth arrest ([@gkt849-B80]). Furthermore, the large fraction of cell cycle genes possibly activated by the metabolic transcription factors Nrf-1 and Creb-1 support a model by which the regulation of these genes links metabolism to cell cycle control.

The CDE site in addition to the CHR element is required for *Plk4* regulation
-----------------------------------------------------------------------------

Recently, we have reported that the cell cycle-dependent regulation of *cyclin B2* and *Ube2c* genes essentially only requires the CHR, with the CDE either not being essential or nonexistent, respectively ([@gkt849-B12]). In contrast, in case of *Plk4*, we observe that the CDE is functionally at least as important as the CHR for repression ([Figure 1](#gkt849-F1){ref-type="fig"}). In this promoter both the CHR and the CDE are required for binding of DREAM components ([Figure 2](#gkt849-F2){ref-type="fig"}A). Assessing the list of known CDE/CHR-regulated genes and combining it with recent data, it appears that CDEs can have a varying impact on promoter control ([@gkt849-B8],[@gkt849-B12]) ([Figures 1](#gkt849-F1){ref-type="fig"}D, [2](#gkt849-F2){ref-type="fig"}A and [7](#gkt849-F7){ref-type="fig"}). Figure 7.p53 controls transcriptional repression of target genes by an indirect mechanism through CDE and CHR elements. High levels of p53 lead to transcriptional activation of its target *p21^WAF1/CIP1^*. Inhibition of cyclin/CDK complex activity by p21^WAF1/CIP1^ leads to hypophosphorylation of p130. Hypophosphorylated p130, together with E2F4/DP1, can then form a repressive complex with the MuvB core replacing B-Myb in the MMB complex. MMB only requires the CHR element. The complex of p107/p130 and E2F4/DP1 with the MuvB core is named DREAM. DREAM requires both elements, the CDE and the CHR, for binding and repression. This resembles the protein complex binding to promoters during quiescence. Expression of the viral oncoprotein HPV E7 impairs p21^WAF1/CIP1^ function and blocks the pocket proteins p107/p130. Disruption of the DREAM complex then leads to derepression of cell cycle genes.

Interestingly, binding of MMB contrasts association of DREAM to the *Plk4* promoter. MMB is only bound and contributes to transcriptional regulation through the CHR ([Figures 3](#gkt849-F3){ref-type="fig"}A-C and [7](#gkt849-F7){ref-type="fig"}). These data are in line with earlier reports describing MMB binding and function through CHR sites ([@gkt849-B12],[@gkt849-B51]). It had been suggested that the MMB complex activates gene expression only in late S, G~2~ and M phases ([@gkt849-B49]). Consistent with this model, we find *Plk4* mRNA levels only to be affected by *Bmyb* knockdown in G~2~/M but not in G~1~/S cells ([Figure 3](#gkt849-F3){ref-type="fig"}B). Luciferase reporter assays suggest that MMB-dependent regulation of *Plk4* is conferred through the CHR ([Figure 3](#gkt849-F3){ref-type="fig"}C). However, mutation of the CHR does not lead to a reduced expression of *Plk4* in late cell cycle phases as would be expected when MMB activates transcription through this site ([Figure 1](#gkt849-F1){ref-type="fig"}D, top panel). This contrasts the results obtained for *cyclin B2*, but is in line with results obtained for *Ube2c* ([@gkt849-B12]). Thus, while MMB clearly contributes to *Plk4* and *Ube2c* promoter regulation, it remains unclear why mutation of the MMB-binding CHR does not confer a loss of activity in luciferase reporter assays.

Additionally, binding of MMB to *Plk4* appears to be weak relative to binding of DREAM. This becomes evident when comparing binding of LIN9 in G~0~ cells when DREAM is formed to binding in S/G~2~/M cells when MMB is formed ([Figure 2](#gkt849-F2){ref-type="fig"}B). This may explain why *Plk4* was not found to bind B-Myb and LIN9 in a genome-wide screen ([@gkt849-B49]). Despite its low affinity to *Plk4*, our results demonstrate that MMB is required for maximal *Plk4* expression ([Figure 3](#gkt849-F3){ref-type="fig"}B and C).

The p53-p21^WAF1/CIP1^-DREAM pathway can depend on CDE sites
------------------------------------------------------------

Recently, we reported that the p53-p21^WAF1/CIP1^ pathway controls transcriptional repression of *cyclin B2* through DREAM binding solely to the CHR ([@gkt849-B23]). In this report the CDE was shown not to be essential for DREAM binding or transcriptional repression since the human *cyclin B2* promoter does not possess a functional CDE, and the CDE in the mouse *cyclin B2* promoter only contributes slightly to regulation and binding ([@gkt849-B23]). In contrast, in case of the *Plk4* promoter, we observe the CDE to be required for regulation in addition to the CHR ([Figures 4](#gkt849-F4){ref-type="fig"}C and 7).

These observations correspond to the data for cell cycle-dependent regulation and binding of DREAM, where the CDE is required ([Figure 2](#gkt849-F2){ref-type="fig"}). From data on human *cyclin B2*, mouse *Ube2C* and human *Kif23* promoter regulation and DREAM binding to the genes, an isolated CHR can be sufficient for DREAM function ([@gkt849-B12],[@gkt849-B23],[@gkt849-B81]). In the mouse *cyclin B2* and the mouse *Plk4* promoters, a functional CDE 4-nt upstream of the CHR contributes to a small degree or is essential for regulation by DREAM, respectively ([@gkt849-B12],[@gkt849-B23]) ([Figures 1](#gkt849-F1){ref-type="fig"}D, [2](#gkt849-F2){ref-type="fig"}A and [4](#gkt849-F4){ref-type="fig"}C). However, the criteria remain unclear why DREAM in some cases uses a CDE in addition to CHRs and in other examples solely relies on CHR sites ([@gkt849-B8]).

We and others demonstrated a transcriptional downregulation of *Plk4* by p53 ([@gkt849-B56],[@gkt849-B58],[@gkt849-B59]). It was suggested that an Sp1/CRE-dependent ([@gkt849-B58]) or a p130/p107-mediated pathway is responsible for p53-dependent regulation ([@gkt849-B59]). Several reports suggested direct repression of G~2~/M genes by p53 binding to the target promoter ([@gkt849-B82],[@gkt849-B83]). However, we do not observe p53 binding to the *Plk4* promoter ([Figure 5](#gkt849-F5){ref-type="fig"}), which is consistent with genome-wide binding studies for p53 ([@gkt849-B84]) and the mechanism identified for the regulation of *cyclin B2* ([@gkt849-B23],[@gkt849-B87]). Earlier, indirect mechanisms without p53 DNA binding to its downregulated target promoter were reported ([@gkt849-B22]). The most detailed reports suggested p21^WAF1/CIP1^ as a link ([@gkt849-B23],[@gkt849-B24],[@gkt849-B81],[@gkt849-B88]). Consistently, the CDK inhibitor p21^WAF1/CIP1^ operates upstream of the RB pocket protein-E2F pathway, and p21^WAF1/CIP1^/RB pocket protein-E2F signaling is important for chromosomal stability ([@gkt849-B93],[@gkt849-B94]) ([Figure 7](#gkt849-F7){ref-type="fig"}). Here we show that *Plk4* is downregulated p53- and p21^WAF1/CIP1^-dependently on doxorubicin-induced DNA damage ([Figure 4](#gkt849-F4){ref-type="fig"}A and B). Also, the CDK inhibitor roscovitine is able to mimic p21 function repressing *Plk4* expression ([Figure 4](#gkt849-F4){ref-type="fig"}A and B). Following induction of *p21^WAF1/CIP1^*, DREAM forms and replaces MMB in binding to the *Plk4* promoter ([Figure 5](#gkt849-F5){ref-type="fig"}, top panel). Conversely, doxorubicin-induced DNA damage does not induce DREAM binding to the *Plk4* promoter in a *p53^−/−^* or *p21^−/−^* cells ([Figure 5](#gkt849-F5){ref-type="fig"}, middle and bottom panels). Consistent results were reported for *cyclin B1*, *cyclin B2*, *Kif23*, *Mad2l1*, *PCNA* and *survivin* promoters ([@gkt849-B23],[@gkt849-B24],[@gkt849-B81],[@gkt849-B92]).

HPV E7 oncoprotein disrupts *Plk4* transcriptional regulation through the CDE/CHR
---------------------------------------------------------------------------------

Chromosomal instability induced by an impaired RB pocket protein-E2F pathway through HPV-16 E6 and E7 oncoproteins is a major cause for tumorigenic cell transformation ([@gkt849-B27],[@gkt849-B94]). Tumor formation is often accompanied by aberrant centriole duplication and abnormal centrosome synthesis ([@gkt849-B95]). Elevated *Plk4* expression is required for aberrant centriole duplication in cancer cells ([@gkt849-B31],[@gkt849-B32]). Consistently, we and others showed that HPV-16 E7 upregulates *Plk4* expression ([@gkt849-B33]) ([Figure 6](#gkt849-F6){ref-type="fig"}A and B). Our results demonstrate that this upregulation is caused by a loss of DREAM binding to the CDE/CHR tandem element ([Figure 6](#gkt849-F6){ref-type="fig"}C). This is consistent with the report that HPV-16 E7 causes disruption of the DREAM complex and upregulation of the cell cycle genes *Bmyb* and *cyclin A* ([@gkt849-B28]). Additionally, expression of the E7 viral oncoprotein abrogates the p53-p21-DREAM-CDE/CHR pathway ([Figure 6](#gkt849-F6){ref-type="fig"}C--F). Other studies had shown a possible influence of HPV-16 E7 on the p53-p21 pathway ([@gkt849-B96]). Roscovitine causes repression of *Plk4* also in *p53^−/−^* and *p21^−/−^* cells but not in E7-expressing cells ([Figures 4](#gkt849-F4){ref-type="fig"}B and [6](#gkt849-F6){ref-type="fig"}E). This indicates that E7 blocks the pathway downstream of CDK inhibition, namely on the level of DREAM.

Microarray studies that identified sets of genes related to cervical cancer reveal a strong overlap with genes also binding DREAM ([@gkt849-B12],[@gkt849-B15],[@gkt849-B64]). These studies yielded an overlap of 52 genes, 51 of which are identified as DREAM targets ([Figure 6](#gkt849-F6){ref-type="fig"}G, [Supplementary Table S2](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt849/-/DC1)). Of these 51 genes, 32 (65.3%) do not only bind DREAM but also possess phylogenetically conserved CHR sites in their promoter regions close to the TSS ([Supplementary Tables S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt849/-/DC1) and [S2](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt849/-/DC1)). *Plk4* was identified only in one of the studies, indicating that selection criteria for the studies were stringent, excluding also positive hits. Thus, we looked at the data sets individually and found that 60 (42.9%) of 140 genes displaying DREAM binding and containing a conserved CHR close to their TSS were identified in at least one of the cervical cancer microarray studies ([Supplementary Tables S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt849/-/DC1) and [S2](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt849/-/DC1)). We identified 18 putative DREAM/CHR-controlled genes to possess CRE/NRF1 sites as an alternative to CCAAT-boxes. Eight (44.4%) genes out of this group, namely *Plk4*, *Anln*, *Cenpe*, *Kif2c*, *Mad2l1*, *Ncapg*, *Ndc80* and *Smc4*, were identified in at least one of the cervical cancer microarray studies ([Figure 3](#gkt849-F3){ref-type="fig"}G, [Supplementary Table S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt849/-/DC1), [Supplementary Table S2](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt849/-/DC1)).

These observations lead to the conclusion that many genes relevant for cervical cancer progression are controlled by DREAM through CHR promoter elements ([Figures 6](#gkt849-F6){ref-type="fig"}G and [7](#gkt849-F7){ref-type="fig"}, [Supplementary Table S2](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt849/-/DC1)).

Furthermore, this mechanism is also implicated in transformation by other tumor viruses. The RB pocket protein-E2F pathway is a target for several oncoproteins originating from DNA viruses with HPV E7, adenovirus early-region 1A (E1A) and polyomavirus large T-antigens as prominent examples ([@gkt849-B29],[@gkt849-B99]). Consistent with this notion, also SV40 large T was recently reported to impair DREAM function ([@gkt849-B100],[@gkt849-B101]).

We have described the regulation of the *Plk4* promoter, which serves as an example for a number of cell cycle- and p53-regulated genes dependent on CDE and CHR sites. Our data suggest that NRF1 and CRE sites can function as an alternative to the NF-Y/CCAAT system in activating CDE/CHR-controlled cell cycle genes. Therefore, Nrf-1 and Creb-1 seem to be central components of the transcriptional network controlling cell cycle genes and in that role provide a potential link between metabolism and cell cycle control. The central mechanism in the regulation of *Plk4* is a switch between DREAM and MMB complex binding to CDE and CHR sites. DREAM function and binding is disrupted by viral oncoproteins such as HPV E7. Together with genome-wide analyses, this implies that many cell cycle genes upregulated in HPV-induced tumors are bound by DREAM through CDE/CHR sites. These results imply that CDE/CHR-dependent regulation is central to viral oncogenesis.
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